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1his talk

e [his talk Is a very abbreviated tour through
experiments searching for dark matter

e Detalls are intentionally minimal, and attempts will be
made not to dwell on the coolness of this stuft

e Also, blases will probably become obvious...



Dark Matter Evidence
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Dark Matter: What Do We Know?

1. Long lived (survived until current day)

2. Non-baryonic (Hydrogen:Deuterium
Ratio)

3. No EM interactions (haven’t seen it)
4. 80% of all matter (rotation curves, CMB)

5. Non-relativistic (galactic structure
formation, rotation curves)



Dark Matter: What Don’t We Know?

1. What Is the fundamental nature of the dark
matter? (Associated: what are its properties)

2. How was dark matter formed in the
universe?

3. Does dark matter interact non-gravitationally
with standard model particles®?

4, Does dark matter interact non-gravitationally
with itself?



What could it be”

e | ots of potential solutions to
the dark matter puzzle

e [his talk focuses on WIMPs for
several reasons...

e (Canadian thrust

* Projects with which I've been
Macroscopic acros particles WIMPzilla I nVO ‘Ved

Nature 562 51-56 (2018)
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How are we chasing it”?

o EXxploiting Its properties

o Dark matter exists - can collide elastically

Mass ~GeV
Velocity 220km/s (rms)
+ 230km/s (Earth)
.. Recoll Energy ~10 keV
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How are we chasing it”?

Exploiting Its properties

Dark matter exists - can collide elastically

Aside 1: Energy scale of recoll

10 keV Is very little energy

A mosquito flying at full speed has about 1
TeV of energy (1x10° keV)
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How are we chasing it”?

o EXxploiting Its properties

o Dark matter exists - can collide elastically

Mass ~GeV
Velocity 220km/s (rms)
+ 230km/s (Earth)
.. Recoll Energy ~10 keV
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One additional issue...

e \/ery rare interaction (usually <1 event per
year per kilogram of target)

e (Other events much more frequent
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Detector Criteria

. Sensitive to very small deposits of energy

. Some way to differentiate how that energy
IS deposited (separate non-nuclear recolls)

. (Clear path to sizing up to the tonne scale)

<1 event/kg/year
- need to have many 10s of years
- need to have many kg
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Detector Criteria

1. Sensitive to very small deposits of energy

2. Some way to differentiate how that energy
IS deposited (separate non-nuclear recolls)

3. (Clear path to sizing up to the tonne scale)

4. Want to compare the results with other
experiments

<1 event/kg/year
- need to have many 10s of years
- need to have many kg
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EXperiment Competition
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EXperiment Competition

One fairly major complexity with the comparisons

Spin-Dependent Spin-Independent

Coupling proportional to
expectation value of nucleon spins
and total nuclear spin

Coupling proportional to the
square of the atomic mass number

/ H
Favours nuclel with unpaired Favours heavy nuclei such as Ge,
nucleons such as °F, 23Na, 3Ge Xe
8 J+1 1 g g
X X Cspz'n — il [CLp < Sp > +a, < Sn >]2 Oscalar — G2 [pr (A — Z)fn]Q
T J TGO

Other methods have been proposed, which do not treat the nucleus as a point-like particle.
These are not discussed here. See, for example, Haxton et al, JCAP 1302 (2013) 004
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Cryogenic Experiments - CDMS

Phonon D

SQUID array,

ST

Criterion 1: Sensitive to
small deposits of energy
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Cryogenic Experiments - COMS

Phonon D

E—

Criterion 1: Sensitive to
small deposits of energy
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Cryvogenic Experiments - CDMS
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Noble Liguid Experiments - LUX

Particle

— ionization electrons
VN UV scintillation photons (~175 nm)

Drift time
indicates depth

Criterion 1: Sensitive to
small deposits of energy
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Noble Liguid Experiments - LUX

Criterion 1: Sensitive to
small deposits of energy

Drift time

Particle indicates depth

LS

— ionization electrons
N UV scintillation photons (~175 nm) Image by CH Faham (Brown)
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eriments - DEAP

Cooling coil

Acrylic flow guides

o T "
% = Criterion 1: Sensitive 1o
N

“mi- gmall deposits of energy

Steel shell

3279 kg
liquid argon

Filler blocks

Foam blocks behind
PMTs and filler blocks

Simon Veil, WNPPC 2019

Bottom spring support
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Simon Veil, WNPPC 2019
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Detector Response

Superheated Fluid Experiments - PICO
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Temperature (C)
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small deposits
of energy
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P|lCO Results
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Flexible larget

ADbility to change target material is
very valuable in the hunt for an
unknown particle

Pressure Vessel
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P|lCO Results
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State of Experiments

SD Exclusion Limit Sl Exclusion Limit
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Where do we go now"?
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State of Experiments

SD Exclusion Limit S| Exclusion Limit
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How To Improve the Sensitivity

® [he sensitivity scales with the
exposure (target mass x time) so the
plan generally Is to get much larger

Instrumentation conduits

Cathode
high voltage
connection Existing

water tank

Gadolinium-loaded

Liquid Xe > liquid scintillator veto
heat
exchanger Outer
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PMTs

7 tonne active volume
liquid Xe TPC. 10 tonnes total

.
2

Drift B3: SuperCDMS Utilities AC Power

Clean room

: A
p 1
% s
< agptry Craan@~a N

4
?
3
|

Seismic Platform

(I

L~ " .
7’ l{i'/{,- -
O~ —

B




The Future of PICO

e Many problems seem connected to water/active fluid interface
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The Future of PICO

e Many problems seem connected to water/active fluid interface
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PICO 40L

* “Fips” the sensitive volume to remove
water puffer fluid

e (Constructed underground at SNOLAB

e Commissioning underway, dark matter
data taking to begin shortly
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| he Further Future

e |ncreasing from PICO 40 to PICO
> g 500

e Design currently underway
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State of Experiments

SD Exclusion Limit Sl Exclusion Limit
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1 he Problem on the Horizon

nucleus nucleus nucleus nucleus

e Observed coherent elastic scattering of neutrinos

®* |nsensitive to neutrino flavour, occurs at small
Cross-sections
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But This is Very Rare, right”

- —6 GeV WIMP
-==100 GeV WIMP

- - -pep
- = hep

Tihepsiale | e These rates look bad, but
the WIMP cross-sections
are far below our

range...”
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Phys. Rev. D 90, 083510 Recoil energy keV]|




But This is Very Rare, right”

- —6 GeV WIMP
-==100 GeV WIMP
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SD Cross-section (cm?)
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| he Future!

SD Exclusion Limit S| Exclusion Limit
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1he Floor Is not HE Floor

SD Exclusion Limit Sl Exclusion Limit
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Side note: Is this the only direction?

S| Exclusion Limit

10742 -

e Should we just get
bigger and try to hit the
floor”?

—
<
'S

e [here is still low mass
area to be investigated

—
<
'S

S| Cross-section (cm?)

e (Getting into this space
requires low threshold
and potentially different
techniques
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A New(ish) Technique!

Gamma Rejection
[ [

10-25 I i i |
102 o o
T Preliminary :
10-4§_ O © E
e PICO works very S e ~
10 3 *\ E
well, but the o | _
threshold can'tbe 3 e o4 . _
set low due to e e ig
- - . 10-10 ~ 3 keV
gamma Interactions ool ISy
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A New(ish) Technigue!

CF4 ® A! +

;

"

.1 10ppm Xe |1

—

1 VOV sieM e Replace the C3F8 with Argon
(and some xenon)

e Scintillation inhibits bubble
PTFE (VUV formation for backgrounds

- Reflector /
IR Diffuser)

130 K

o (Currently under construction,
7 installation at SNOLAB in
2021

.
o~



| ow Mass Exploration

S| Exclusion Limit

e Should we just get
bigger and try to hit
the floor”?

10-:2 R

10744 -

e [here is still low mass
area to be
investigated

10--’.6 R

S| Cross-section (cm?)

e (Getting into this space
requires low threshold
and potentially

T different techniques
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So where do we go from here”?
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Directionality & Modulatio

on All Sky Survey Image Mosalc: Infrared Processing and Analysis Center/Caltech & University of Massachusetts




Detection?
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Directionality & Modulatio

150 200 250 300 350

t [days]

100

Note: not to Scale Two Micron All Sky Survey Image Mosalc: Infrared Processing and Analysis Center/Caltech & University of Massachusetts



Requires new Detector lechnology

e Difficult to Increase
to competitive size,

out that technology
IS coming

e The CYGNUS HD10 recoil (track)
detector IS one onization
example

—Xample detector




s There Another \Way”/

e tarlier said that we would exploit the
oroperties of the dark matter to find it

e One of the potential properties was the
abllity of dark matter to interact non-
gravitationally with itselt

e (Can we use this to hunt 1t?



INndirect Detection

o Several experiments looking
for signals from dark matter
annihilation

e | arge masses will collect
dark matter particles through
scattering and capture

e Scattering here is the same
process used by the direct
detection experiments




Dark Matter Annihilation

e Assuming the DM is a Majorana particle,
it will self-annihilate in the Sun

e Sensitive to both Sl and SD DM, since
they will both capture and annihilate

e [wo different classifications of energy
Spectrum out:

X X e Hard: W+W- or T+T
e Soft: bb
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Dark Matter Annihilation

e Assuming the DM is a Majorana particle,
it will self-annihilate in the Sun

e Sensitive to both Sl and SD DM, since
they will both capture and annihilate

e [wo different classifications of energy
Spectrum out:

e Hard: W+W- or T+T
e Soft: bb
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lceCube/DeepCore

IceCube Lab

IceTop
81 Stations
324 optical sensors

50m

IceCube Array

86 strings including 8 DeepCore s
5160 optical sensors

Glass

DOM _ _Pressure Housing

Mainboard

145040

DeepCore

8 strings-spacing optimized for low

480 optical sensors

] Eiffel Tower
-«

2450 m
2820 m
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Studying Neutrinos from the Sun

Sun position in Summer

Cosmic ray muons

Sun position in
Winter

Note: dramatically not to scale
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Analysis

PRL 110, 131302

e NO excess seen in
the direction of the
Sun

e Alimitis placed on
the capture rate and
therefore the cross-
section




SD Exclusion Limit

e Since the primary
reaction is on Hydrogen,
the majority of the .
sensitivity is in the SD ;
sector

e Thisis areminder ofthe
state of the art in that
imit -
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SD Exclusion Limit
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SD Cross-section (cm?)
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SD Exclusion Limit

Conclusions

—xclusion Limit
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WIMP Mass (GeV)

e Rich field with much area left to explore

e Direct dark matter detectors have a shift in focus coming soon
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